Abstract A thermomechanical analysis (TMA) procedure has been developed with the capability of probing the thermal behaviour of glass fibre. A single glass fibre was successfully mounted into TMA fibre configuration and several thermomechanical programmes were carried out over a wide temperature range from 20 to 900°C. It was found that measured coefficient of linear thermal expansion of boron-free E-glass fibre remained constant below 300°C and the values had an excellent agreement with that found in the literature. At higher temperatures an abrupt length change in glass transition region allowed for the determination of glass transition temperature. The results from isothermal measurement showed significant fibre length shrinkage, which was a function of both temperature and time. It follows that there exist two mechanisms, thermal expansion and structural relaxation, which together account for overall thermomechanical responses of glass fibre. The former is related to the decrease of Young's modulus at elevated temperatures and the latter is considered responsible for the observed increase of room-temperature Young's modulus after thermally conditioning glass fibre at various temperatures.
Introduction
Glass fibre has been widely known as an engineering material that exhibits high specific performance to cost ratio which accounts for its current dominant role in serving as the major reinforcement material for the global composite market. Parallel with this achievement there has been a great deal of the research and development effort devoted to this material over the past decades. Much of this work has been focused on fibre strength and fibre surface due to its reinforcement nature and the importance of fibre-matrix interaction [1] [2] [3] [4] [5] . It is well known that most composites are fabricated at elevated temperatures up to 300°C. Nevertheless the glass fibre is normally regarded inert at these temperatures and it is assumed that its physical and chemical properties remain independent of temperature and time. More recently, the growing trend and increasing interest of recycling end-of-life composites may impose much higher temperatures (e.g. 300-800°C) on glass fibres to enable their recovery for second-life use [6] [7] [8] . Therefore, it is of both scientific and technological importance to inspect the thermal behaviour of the glass fibre over a wide temperature range.
The coefficient of thermal expansion (CTE) is one of the most fundamental thermomechanical characteristics of a material and is determined by the composition and structure of the material. The definition of average CTE in length of a fibre, more usually known as coefficient of linear thermal expansion (CLTE), a f , can be expressed as:
where DL f is the change in length of the sample resulting from change in temperature DT and L f is original length in the direction being measured. Three of the main techniques typically used for CLTE measurement of rigid solids are dilatometry, interferometry, and thermomechanical analysis (TMA). Despite the longstanding availability of these methods, studies of the CLTE of glass fibre are rather scarce. The literature survey on this subject usually leads to two main research categories. One involves thermal expansion behaviour of bulk glass with different compositions and structure [9] [10] [11] . The other usually concerns development of models for estimating CLTE of oxide glasses from their constituents [10, 12, 13] . Villeneuve et al. employed a gold-coated E-glass fibre to validate the measurement of thermal expansion by a TEM procedure [14] . Thermal strain of the coated E-glass fibre were determined at 200, 400 and 600°C and results showed that the difference between the experimental data and the theoretical straight lines drawn from the values of the CLTE in the literature became noticeable as the temperature increased [14] . Direct evaluation of fibre length change at several different temperatures was carried out by Otto [15] , who attributed the observation of the length change to two competing mechanisms, namely thermal expansion and structural compaction. The latter was supported by the measurement of several physical properties including density, refractive index, and Young's modulus. Not much work has followed since then until recently structural change in glass fibres after heat-treatment below Tg was intensively studied by Yue et al. [16] [17] [18] . This structural change has been identified as one of the factors responsible for strength loss of thermally treated glass fibres [18, 19] .
In the present work, we aimed to study the thermal behaviour of glass fibres by developing a protocol in a commercial TMA. The established procedure allowed us to characterise the CLTE and Tg of glass fibre over a broad temperature range from 20 to 900°C. The effect of thermal compaction was also investigated by the characterisation of isothermal change in fibre length and longitudinal modulus after heat-treatment. Furthermore, the temperature dependence of Young's modulus was obtained for glass fibres and compared with the change of the modulus of heattreated glass fibres.
Experimental

Materials
Boron-free E-glass fibres supplied by Owens Corning Vetrotex were investigated in this work. All fibre rovings were produced on the same pilot scale bushing and were received as 20 kg continuous single end square edge packages. The rovings had a nominal tex of 1,200 and a single fibre diameter of 17.4 ± 1.3 lm [1] . The molten fibres had all been hyperquenched by water spray before they were coated with a normal rotating cylinder sizing applicator containing a 1 % c-aminopropylsilane (APS) hydrolysed solution in distilled water. All fibre packages were subsequently dried at 105°C for 24 h. The roomtemperature mechanical properties of these fibres have been reported somewhere else [1] .
Development of TMA procedure for glass fibre Thermomechanical analyser Q400 manufactured by TA Instruments was used to measure length change of glass fibres as a function of temperature and time. The working mechanism of a typical modern TMA has been described in detail by other authors [20] . The key components in a TMA include a furnace system for providing a well-controlled test environment, stage/probe assembly for holding the specimen, and movable core linear variable differential transducer whose output is proportional to displacement of the core caused by changes in specimen dimension. Other important components involve a temperature sensor that can be placed in close proximity to the specimen and an electromechanical coil that can apply force to the sample.
Film or fibre samples are typically handled by a TMA with a stage-probe configuration as shown in Fig. 1 was, therefore, selected to serve as the sample holder. It could turn into a paste when mixed with water. The operator had sufficient time (*30 min) to embed both ends of a single fibre in the paste before it became solidified. A special jig was manufactured to ensure that both sample holds had flat and parallel surface. The original fibre length between sample holds was in a range from 19 to 23 mm. The sample was then left overnight at ambient temperature to allow the cement to fully set. The dry set cement has very low expansivity (CLTE = 4.7 lm/(m°C)) and excellent heat tolerance (melting temperature [1,426°C) according to the datasheet from the supplier. Furthermore, phosphate cement was expected to form a strong bonding with glass fibre and secure the fibre throughout the entire heating process. The sample was mounted into fully calibrated TMA and the alignment of the fibre between the stage and the probe was achieved by the following steps:
(1) placing the upper sample holder on the stage, (2) leaving the sample to hang freely, and (3) bringing the probe down to the lower sample holder by registering the initial fibre length. 10 mN static load, F f , was applied to put the sample under slight tension and the load resulting from lower sample hold was negligible at relatively low temperature. The actual experimental set-up for the measurement with a single fibre is presented in Fig. 1 . A thermocouple was positioned near the middle of the fibre to monitor the temperature in the sample. Several TMA programmes were carried out in the present work to study thermal behaviour of glass fibre. In order to characterise CLTE and Tg, samples were heated from 20 to 900°C under nitrogen at a flow rate of 50 ml/min. Different heating rates were used to demonstrate their influence on the measurement. To investigate the effect of temperature on structural changes in glass fibre, samples were kept at a range of elevated temperatures and isothermal length changes were measured as a function of time. In addition, Young's modulus of glass fibre was measured either at different temperatures from 20 to 700°C with an increment of 20°C or at the room temperature after heat-treatment for 30 min from 50 to 650°C with a increment of 50°C. The modulus was obtained from stress-strain curves generated by a force ramp at a rate of 5 mN/min until 20 mN is reached.
Results and discussion
CLTE, Tg and viscosity Figure 2 presents a typical plot of length change measured as a function of temperature by the TMA procedure developed in this study. It can be seen that the glass fibre expands linearly at relatively low temperatures and gradually develops a varying expansion rate at high temperatures. Further increase of the temperature eventually leads to an abrupt change in the fibre length at glass transition region. The glass transition temperature, Tg, can be obtained by the point of intersection of the tangents to length versus temperature curve before and after the glass transition as shown in Fig. 2 . The steepest segment after Tg inevitably terminates with a sudden sharp inflexion followed by a continuous horizontal trace, which was not included in Fig. 2 . This is due to the fact that the sample length has exceeded the limit of travel distance of the inner probe and the omitted part is, thus, the signal of no interest. It is usually recommended that when the materials with relatively low CLTE are measured using the TMA, apparent length change should be corrected for the dimensional change resulting from probe/stage fixture. In this work, the correction was carried out by taking into account the probe/stage inside the furnace as shown in Fig. 1 . The observed length change, DL, over DT can then be calculated by
and the actual length change in the sample can be expressed by
where L f , L p , L s1 and L s2 are the length of the corresponding parts shown in Fig. 1 . DL p -DL s2 in Eq. 2 can be replaced by length change, DL b , measured in a blank run without the specimen during DT and DL s1 = L f Áa s DT, where a s is the CLTE of the stage used in TMA. The Eq. 2 then becomes
Since the 10 mN static force acts on the specimen throughout the test, the additional length change caused by the compliance change in glass fibres during the period of heating should also be considered. The compliance change of the glass fibre has been investigated by characterising Young's modulus of the glass fibre as a function of temperature using the same TMA and is discussed in the next section. Furthermore, the length change can be affected by the change in cross-sectional area of glass fibres due to thermal expansion and Poisson effect. However, these factors can be neglected for a thin fibre at relatively low temperatures (e.g. \400°C). The length change, DL c , caused by the change of fibre compliance at relatively low temperatures can be estimated by
where E f and DE f are the fibre modulus at 20°C and the change in modulus over DT. Therefore, the more realistic DL f may be obtained from the combination of Eqs. 3 and 4,
The corrected plot of typical length change versus temperature was inserted in Fig. 2 . A closer inspection of the corrected plot revealed that the deviation from the linear relationship tends to become observable between 300 and 400°C, above which the slope of the curve (i.e. the instant CLTE) starts to decrease with increase in the temperature before the slope rises again as the temperature is approaching the glass transition. It is, thus, fair to say that the glass fibre may hold a constant CLTE up to 300°C and according to the definition expressed by Eq. 1, the average CLTE can be obtained by the slope of the linear line fit to the curve within the temperature range from 20 to 300°C. The decrease of CLTE is related to the effect of structural relaxation, which will be discussed with more details in the next section. Table 1 summarises the results of CLTE and Tg obtained for a number of individual glass fibres up to 300°C at the heating rate of 5°C/min. It is not reasonable to assume that all the fibres would have the same CLTE and Tg as it is impossible not to have somewhat inter-fibre variation in the composition and thermal history, which would be expected to cause slight variation of CLTE and Tg. Nevertheless, the coefficient of variation for both parameters is very low with 6 % and\1 % for the CLTE and Tg, respectively. Such high reproducibility indicates that the developed TMA procedure is very consistent and reliable. The correction was carried out by Eq. 5, and a stage = 0.52 lm/(mÁ°C) was adopted for fused silica, of which the stage and probe are made. The correction for the CLTE was found to be \7 % in all cases and for a noncritical characterisation, the correction may not be necessary. The average value for the corrected CLTE is 6.1 lm/(m°C), which has an excellent agreement with the value for the boron-free E-glass fibres found in the literature [21] . The average value of 760°C is obtained for Tg, and Tg for boron-contained E-glass is said to be near 700°C [22] . Tg can be thought of as a useful indicator of the approximate temperature where the supercooled liquid converts to a solid on cooling. The measured values can be affected by the heating rate as shown in Fig. 3 . The measured Tg increases as the heating is accelerated due to increased thermal lag between the actual sample temperature and the reading. However, it is not expected that the CLTE would follow the similar trend. The dependence of CLTE and Tg can be both well fitted by a quadratic function, which give CLTE = 6.1 lm/(m°C) and Tg = 759°C when the heating rate was extrapolated to zero. These values are almost identical to those obtained at 5°C/min.
In terms of general glass forming process, the definition of characteristic temperatures (e.g. Tg) is associated with viscosity of glass forming melt. One of the techniques for the viscosity measurement involves fibre elongation method, where a thick fibre needs to be drawn from an existing bulk glass and is then heated at a constant rate (e.g. 5°C/min), while the fibre is under a constant tensile force, F f . The fibre elongation rate, dL f /dt, is then recorded during testing and it is related to the viscosity of the melt, g, by the expression:
where L f and A f are the fibre original length and cross-sectional area. Fibre area is calculated through A f = pD f 2 /4, where D f is the fibre diameter. It can be seen that the TMA procedure developed in this study essentially share the same concept with the fibre elongation method. Therefore, the results obtained from the TMA procedure could also be used to estimate the viscosity by rearranging Eq. (4) in the following way:
where a f is the CLTE of the fibre under F f at T and K is the heating rate in the measurement. For the TMA run in Fig. 2 , F f = 15 mN (including the load resulting from the weight of the lower sample holder), D f = 17.1 lm, K = 5°C/min and a f = 2.7 mm/(m°C) at T g . According to Eq. (5), g = 9.5 9 10 10 Pa s is obtained at Tg. This value is approaching to the magnitude of 10 11.3 established for the viscosity of the glass forming melts at glass transformation temperatures for bulk glass [22] .
Length contraction and Young's modulus
Another important aspect of thermal behaviour of the glass fibre is related to structural relaxation at elevated temperature, which was referred to as thermal compaction by Otto [15] . The term emphasises a global structure rearrangement into a more compact configuration, which has a distinct difference than the annealing of massive glass containing residual thermal strains. The recent studies on the hyperquenched glass (e.g. glass fibre) have reported that there may operate two types of structural relaxation when glass fibres are subject to heat-treatment below Tg [16] [17] [18] . One is anisotropy relaxation related to local structure arrangement and the other is entropy relaxation dominated by the motion of larger network entities. Both structural changes could create the potential for the axial length shrinkage. However, it is probably the latter that dominates any measurable length contraction. The anisotropy relaxation, on the other hand, has been used to account for the strength decay of heat-treated glass fibres [18] . Figure 4 presents the isothermal length change of glass fibre as a function of time and the results were corrected for the length change associated with the testing fixture by blank run. Below 300°C, the ''noise-to-signal'' ratio in the TMA was found to be too big to result in any direct observation of length reduction over a prolonged period of time. Above 600°C, the length contraction was overtaken by the creep effect. Despite this limitation, the results in Fig. 4 clearly show that there is a significant decrease of the fibre length within the timescale of the measurement at temperatures as low as 300°C. Based on the study on 7-lm E-glass fibres, Otto showed that a length decrease could become effective even just above 100°C [15] . It is obvious that the length contraction is a function of temperature and time. At each temperature in Fig. 4 the fibre length changes with the time in a logarithmic fashion, which agrees with the observation made by Otto. It is also noticeable that there seems to be much greater effect of the temperature on the isothermal length change between 300 and 400°C than the next 100°C interval especially after the initial short time (e.g. 30 min) of heat-treatment. This might imply that the creep effect could also be present in the length change obtained at 500°C. The results in Fig. 4 indicate that on an atomic scale there must exist very high internal forces, which are able to drive the structure reconfiguration when the fibre is heated up to some critical temperatures. At these temperatures, the viscosity is lowered enough for the internal forces to be effective and the structure begins to rearrange itself into a more compact form, which leads to a decrease of the internal stresses and an increase of the viscosity. Consequently the structural relaxation at a given temperature becomes self-damping and the resulting length contraction gradually dies off after a long period of time as shown in Fig. 4 . From the energy point of view, a very high level of potential energy must be stored in the glass network during extremely rapid cooling since the structural configuration of glass fibres at room temperature actually represents the state at some higher temperature, which is usually characterised by the fictive temperature. The increase of temperature provides the network with energy and reduces viscosity at the same time. Once enough energy is added in the system and viscosity drops sufficiently, the cooperative motion of the network will become available and bulk structure arrangement will take place to lower the potential energy and reduce the extent of nonequilibrium in hyperquenched glass fibres. It is expected that the structure relaxation is likely to alter the physical properties of glass fibre such as density, refractive index, and Young's modulus. Figure 5 shows a series of stress-strain curves obtained from a single glass fibre at various temperatures in TMA. It can be seen that stress-strain relationship remains linear for moderately strained glass fibres until the temperature reaches 400°C, at which the nonlinear stress-strain behaviour can be observed. The deviation from the linear relation becomes more significant with further increase of the temperature as seen in Fig. 5 . Similar situation can be found for the temperature dependence of the slope, which is a measure of Young's modulus. Figure 6 summarises relative changes in Young's modulus as a function of temperature for glass fibres obtained through the developed TMA procedure and the room-temperature Young's modulus after heat-treatment at corresponding temperatures. As expected, Young's modulus of glass fibres is inversely dependent on the temperature. The values at all temperatures are based on the original cross-sectional area, which is fractionally different from the actual area taking into consideration thermal expansion/compaction and plastic deformation at very high temperatures (e.g. [500°C). Young's modulus becomes ill-defined for glass fibres above 500°C as they become quite viscoelastic and the slope of stress-strain curve changes constantly. However, it can still serve as a good indication of the overall stiffness of glass fibre at those temperatures. The results for the temperature dependence of fibre modulus suggest that there appears to be a transition region around 550°C, after which the decrease of modulus shifts to a faster pace. This transition emerges at a much lower temperature than that obtained from the length changes versus temperature. This is because the high temperature moduli have been underestimated due to inelastic effect in the force range twice higher than that in the measurement of CLTE. A dynamic method has been reported to produce higher Young's modulus than a static method for glass above 200°C as the former is known to be more desirable for dealing with viscoelastic properties [23] .
In contrast to modulus decay at elevated temperature, it is interesting to see that the stiffness of glass fibres is actually increased after heat-treatment as shown in Fig. 6 . This observation supports the effect of thermal compaction and also suggests that the length contraction observed in Fig. 4 is mainly attributed to entropy relaxation rather than anisotropy relaxation as reducing the degree of longitudinal orientation (if there was any in glass fibre) would have negative effect on the longitudinal modulus. The stiffening in heat-treated glass fibres correlates with the results in Fig. 4 since the greater length shrinkage at higher temperature means a more compact structure, which gives higher modulus as shown in Fig. 7 . It seems that the length shrinkage after 400°C has more significant effect on the increase of room-temperature Young's modulus, although the actual length contraction at 500°C might be more than the value obtained in Fig. 7 due to the creep effect. This implies that different factors than structural relaxation may become effective at 500°C. It has been said that the water desorbed from E-glass fibres between 500 and 800°C can be attributed to the diffusion of bulk water from the inner structure [24] . The water in the glass can act as plasticiser and removal of the water from the network may stiffen the structure and contribute to the increase of Young's modulus. An increase of similar magnitude in fibre modulus after heat-treatment was reported in Otto's work [15] . By comparing the modulus obtained from two scenarios in Fig. 4 , one can see that the trend for the variation in modulus is almost mirror-symmetric with each other, although the magnitude of variation is not always comparable. The lower modulus at higher temperature indicates greater structure mobility and lower viscosity, which favours structural rearrangement and in turn higher modulus at room temperature after heat-treatment.
Conclusions
A TMA procedure has been successfully developed with the capability of probing the thermal behaviour of glass fibre. The established protocol was applied to boron-free E-glass fibre, and several thermomechanical programmes were carried out over a wide temperature range from 20 to 900°C. The CLTE of glass fibre showed no temperature dependence below 300°C giving 6.0 lm/(m°C) for c-APS-coated glass fibre and the value agrees well with the literature for boron-free E-glass fibre. At higher temperatures variations in the fibre CLTE were observed and an abrupt length change in glass transition region allowed for the determination of the value of Tg, which was 759°C for the glass fibre used in this work. A simple equation was derived to calculate the viscosity at Tg and the value of 9.5 9 10 10 Pa s was obtained. The results from isothermal measurement showed significant fibre length shrinkage above 300°C. The length contraction was found to follow a logarithmic function of time. This implies that hyperquenched glass fibre tends to undergo structural relaxation when it is heated up to a high temperature. The bulk structure change associated with entropy relaxation led to a more compact glass network, which in turn gave rise to the increased room-temperature Young's modulus obtained from glass fibres heat-treated below Tg. In contrast, Young's modulus measured at elevated temperatures showed an inverse relationship with temperature. It follows that there should exist at least two mechanisms, thermal expansion and structural relaxation, which together account for overall thermomechanical behaviour of glass fibres. The former is related to the decrease of Young's modulus at elevated temperatures and the latter is considered to be responsible for the increase of room-temperature Young's modulus after heat-treatment below Tg. 
